The evolution of tryptophan-to-heme (W/heme) distance distributions extracted from analysis of fluorescence energy transfer kinetics during the refolding of Rhodopseudomonas palustris cytochrome c reveals dramatic differences between two variants [W32 (Q1A/F32W/W72F) and W72 (Q1A)]. Both W32/heme and W72/heme distance distributions measured at the earliest time point attainable with a continuous-flow mixer (150 s) confirm that the polypeptide ensemble is not uniformly collapsed and that native structure is not formed. Time-resolved fluorescence spectra indicate that W32 is sequestered from the aqueous solution during the first 700 s of folding, whereas W72 remains exposed to solvent. The first moment of the W32/heme distance distribution evolves to its native value faster than that of W72, suggesting that the approach of W32 to the heme precedes that of W72.
The evolution of tryptophan-to-heme (W/heme) distance distributions extracted from analysis of fluorescence energy transfer kinetics during the refolding of Rhodopseudomonas palustris cytochrome c reveals dramatic differences between two variants [W32 (Q1A/F32W/W72F) and W72 (Q1A)]. Both W32/heme and W72/heme distance distributions measured at the earliest time point attainable with a continuous-flow mixer (150 s) confirm that the polypeptide ensemble is not uniformly collapsed and that native structure is not formed. Time-resolved fluorescence spectra indicate that W32 is sequestered from the aqueous solution during the first 700 s of folding, whereas W72 remains exposed to solvent. The first moment of the W32/heme distance distribution evolves to its native value faster than that of W72, suggesting that the approach of W32 to the heme precedes that of W72.
fluorescence energy transfer ͉ protein folding ͉ ultrafast mixer U nderstanding exactly how an unfolded polypeptide forms a discrete native structure is a central goal in biophysics. Characterization of the conformational heterogeneity of the protein ensemble is particularly important in detecting the formation of intermediates and clarifying the roles of diverse folding pathways (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . Energy landscape theory (3, 5, 6, (12) (13) (14) (15) (16) (17) suggests that multiple parallel folding routes can lead to native structures, yet most experimental studies are interpreted in terms of chemical kinetics models involving relatively few discrete states (1, (18) (19) (20) (21) (22) . In an effort to provide deeper mechanistic insights and make stronger connections to theoretical folding models, we have developed methods to measure fluorescence energy transfer (FET) kinetics between a fluorescent donor (D) and an energy acceptor (A) during folding reactions. These measurements provide nanosecond snapshots of D-A distances distributions [P(r)] as a polypeptide evolves from denatured to native states. Our initial studies of yeast cytochrome (cyt) c folding triggered with a stopped-flow mixer revealed the presence of both extended and collapsed conformations in the intermediates formed during the instrument dead time (burst phase). These data show clearly that cyt c does not fold by a two-state mechanism (23) (24) (25) .
Empirical correlations (26) (27) (28) (29) and theoretical (5, 6, 16) analyses point to a strong link between native-state topology and folding kinetics. Variations in folding kinetics among structurally homologous proteins, then, are attributable to the fine details of protein amino acid sequences. Kinetics studies of structurally homologous proteins have revealed situations in which folding pathways and transition-state structures are conserved, and others in which the folding bottlenecks differ substantially (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) . In our studies of heme proteins, we have found that despite nearly identical four-helix bundle motifs, the refolding rates of cyt c-b 562 , c 556 , and cЈ differ by many orders of magnitude (43) (44) (45) (46) . We report here results from FET experiments that shed light on the folding mechanism of one of these heme-containing proteins. The four-helix bundle of Rhodopseudomonas palustris cyt cЈ, which folds much more slowly than c-b 562 and c 556 , is comprised of 125 aa with a heme prosthetic group bound to the polypeptide through thioether linkages to Cys-113 and Cys-116, and an axial imidazole ligand from His-117 (the four helices are constructed from the following residues: I, 4-26; II, 34-54; III, 75-95; and IV, 99-120) (44, 47) . In our prior study of cyt cЈ, we examined tryptophan fluorescence from the native W72 residue in a pseudo-WT protein (Q1A) and W32 fluorescence in a less stable mutant (Q1A/F32W/W72F) (44) . Measurements of tryptophan-to-heme (W/heme) FET kinetics from the two sites [ Fig.  1 : W72 (native) in the large loop between helix II and III in Q1A, and W32 in the small loop between helix I and II in Q1A/F32W/ W72F] revealed underlying structural heterogeneity in chemically denatured cyt cЈ. Substantial populations of compact conformations in the denatured protein, and extensive tryptophan fluorescence quenching within the dead time of the stopped-flow mixer (Ϸ5 ms) in refolding experiments, suggested that nonnative compact states may be responsible for the slow refolding kinetics (43, 44) . We have extended these investigations by using a continuous-flow (CTF) fast mixer ( mixing Յ 100 s) (48, 49) to probe early events in cyt cЈ folding. Using measurements of W/heme (W72 and W32) FET kinetics in cyt cЈ variants, we have obtained the time dependence of P(r) for two distinct sites on the four-helix bundle.
Results
Burst-Phase Ensemble. Analysis of the W/heme FET kinetics from two distinct sites on the polypeptide chain reveals structural heterogeneity during cyt cЈ folding. In the unfolded states of W32 and W72 [2.0 and 3.5 M guanidine hydrochloride (GuHCl), respectively], distributions of both proteins feature extended (E; r Ͼ 30 Å, Ϸ70%) and relatively compact (M; 20 Ͻ r Ͻ 30 Å, Ϸ30%) conformations, as reported (44) (Fig. 2 A and E) . This type of heterogeneity is expected for an unstructured heteropolymer; fits of the W72 and W32 FET kinetics to a freely jointed chain model (50) suggest similar W/heme distance distributions, but different persistence lengths for the two sites [supporting information (SI) Table 1 ]. Immediately after the dead time of our CTF mixer (Ϸ150 s), we observed small decreases in W32 and W72 fluorescence intensity, consistent with compaction of the protein ensemble. Distance distributions extracted from W32/heme and W72/heme FET kinetics indicate that the populations of extended polypeptides decrease, largely in favor of M (Figs. 2 and 3) . Interestingly, we observed a small component (Ͻ5%) in the tryptophan-decay kinetics that suggests the presence of compact structures (C; r Յ 15 Å) with D-A distances shorter those found in the native conformation (W32, 18-21 Å; W72, 15-17 Å). This fast early collapse is consistent with a response of the polypeptide to the change in solvent conditions upon denaturant dilution, but not extensive population of specific compact intermediates. It is clear that 150 s after dilution of denaturant, the cyt cЈ polypeptide ensemble is highly heterogeneous, with a considerable range of W/heme distances.
The large burst-phase populations of structures with long W32/heme and W72/heme distances argue against the presence of native-like structures. Of the four helices in cyt cЈ, helix III (residues 75-95) has the greatest propensity to form an unsupported ␣ helix, and the modest reduction in average W72/heme distances found in the burst-phase ensemble could arise from partial formation of helix III (51) . Overall, the long W32/heme and W72/heme distances extracted from the 150-s FET kinetics data clearly preclude formation of the helix III/turn/helix IV and helix II/turn/helix III/turn/helix IV motifs of cyt cЈ.
To characterize further the burst-phase ensemble, we measured the W32 and W72 fluorescence spectra averaged over the 200-to 700-s time period. The mutant W32 side chain has greater solvent-accessible surface area (46.4 Å 2 ) than W72 (11.72 Å 2 ) (52), yet both proteins exhibit tryptophan fluorescence maxima at Ϸ325 nm, consistent with hydrophobic environments for the indole groups. Relative to the spectrum of the unfolded protein, W32 fluorescence (200-700 s) exhibits a modest blue shift and a 30% decrease in integrated intensity (Fig. 4A) , suggesting that the W32 indole side chain has moved into a more hydrophobic environment. The reduced fluorescence intensity can be attributed to the modest burst-phase collapse indicated by FET kinetics measurements. The data suggest that, upon denaturant dilution, W32 becomes incorporated in a hydrophobic cluster that produces a blue shift in W32 fluorescence. The x-ray crystal structure of folded (Q1A/F32W/ W72F) cyt cЈ (Protein Data Bank ID code 1MQV) (44) reveals that the W32 residue forms short hydrophobic contacts (Ͻ5 Å) with nearby residues in helices I and II (M25 and V37) and with residues near the origin of helix IV (I96 and L102) (47) . The early appearance of a hydrophobic environment around W32, then, may indicate partial formation of the helix I-helix II turn through development of native contacts with nearby nonpolar residues. Burst-phase formation of tertiary contacts with helix IV appears less likely, because the population of shorter W32/ heme distances does not increase substantially in the first 700 s after denaturant dilution.
The behavior of W32 fluorescence contrasts with that of W72. The fluorescence maximum of W72 shifts very little during the 200-to 700-s time interval, although the intensity decreases by Ϸ25% (Fig. 4B) , the latter effect likely caused by contraction of the polypeptide. Apparently W72 remains exposed to the aqueous solvent after GuHCl dilution. The hydrophobic interactions with W72 in the native protein structure (47) primarily involve contacts (Ͻ5 Å) with residues in the large loop region between helices II and III (F55, P56, A57, A67, L68, P69, and I71). The absence of a burst-phase blue shift of the W72 fluorescence suggests that the loop structure between helices II and III does not develop during the earliest stages of cyt cЈ folding.
Time Evolution of W32/Heme and W72/Heme Distance Distributions.
FET kinetics measurements for the two tryptophan residues exhibit distinct behavior during the first 5 ms of folding. This difference is apparent in the time evolution of the first moments (M 1 ) of the W/heme distance distributions (Fig. 3) . The finding that M 1 (W32) decreases from 33 to 27 Å in the 0.15-to 5-ms time window contrasts with that of M 1 (W72), which remains nearly constant at 32 Å throughout this time interval. The time dependence of the change in M 1 (W32) is reasonably described by an exponential function with a 6-ms time constant. We only begin to observe the first stages of W72/heme approach in the 5-to 7.5-ms range; we estimate that M 1 (W72) changes with a time constant of 70 ms. This result is particularly unexpected given that under our refolding conditions the folding driving force (Ϫ⌬G ϭ 23 kJ⅐mol Ϫ1 ) is twice that for the W32 protein. The W32 and W72 FET kinetics obtained with the CTF mixer are consistent with results from our earlier stopped-flow study of cyt cЈ in which tryptophan fluorescence intensity measurements revealed a larger burst-phase amplitude and folding rate constant for W32 than W72 at similar folding driving forces (Ϸ11 kJ⅐mol Ϫ1 ) (44) . It is noteworthy that the final development of the native heme environment, as probed by absorption spectroscopy under our experimental conditions, is faster in W72 than in W32.
It is informative to consider the redistributions of D-A distances that give rise to the observed first-moment changes (Fig.  3) . For W32, the population of extended (E) conformations decreases in favor of compact (C) conformations: E decreases from 60% to 45% of the total population, and C increases from 0% to 15%. Although the relative population of intermediate conformations (M) does not change in this time interval, the first
and C) do not change substantially during the first 5 ms of folding. For W72, the FET kinetics during the first 5 ms of cyt cЈ folding change very little, remaining similar to those of the unfolded protein. On the other hand, in this time period the average W32/heme distance decreases to Ϸ77% of its unfolded value, largely because of the population of conformations in which the W32/heme distance is shorter than in the folded protein.
Discussion
Our analysis of W/heme energy transfer kinetics provides several insights into the folding mechanism of R. palustris cyt cЈ. The conformational properties of the denatured protein are expected to have an impact on the refolding kinetics, particularly in the early loop formation steps (53) (54) (55) (56) . The W32/heme and W72/ heme distributions in unfolded cyt cЈ are remarkably similar, which is surprising because W72 is separated from the heme (Cys-113) by many fewer residues (41 residues) than W32 (81 residues). In denatured cyt c, for example, mean D-A distances generally increase with the number of residues separating the dye and the heme (57) . Apparently, the denatured protein does not adopt a random coil structure and some interactions in the unfolded state keep W32 closer to the heme than expected. These interactions might strengthen after dilution of denaturant, leading to the early development of a hydrophobic environment around W32 and its increased proximity to the heme. Notably, the faster-folding cyts c-b 562 (45, 46) and c 556 (58) both contain greater proportions of polar amino acids so that early hydrophobic clustering in these proteins may not be as prevalent.
The different time-resolved fluorescence spectra and FET kinetics for W32 and W72 may be a consequence of a sequential folding mechanism in which different regions of the protein develop native structures at different rates (59) . Behavior of this type also is consistent with low-barrier energy-landscape models (5, 6, 12), although it is typically associated with ultrafast folding proteins (60) (61) (62) (63) . In our earlier study of stopped-flow triggered refolding of cyt cЈ, we found large burst-phase reductions in W32 and W72 fluorescence (44) . In addition, residual W32 fluorescence decayed faster (30 s Ϫ1 , Ϫ⌬G ϭ 11 kJ⅐mol Ϫ1 ) than that of W72 (1.4 s Ϫ1 , Ϫ⌬G ϭ 12 kJ⅐mol Ϫ1 ), which exhibited a time constant similar to that found when probing folding kinetics with heme absorption spectroscopy (1 s Ϫ1 , Ϫ⌬G ϭ 11 kJ⅐mol Ϫ1 ). Using an ultrafast mixer with measurements of time-resolved tryptophan fluorescence spectra and decay kinetics, we have found a similar pattern with important additional details. The dynamics of the large reductions in W32 and W72 fluorescence occurring during the stopped-flow dead time have been resolved. W32 becomes incorporated into a hydrophobic environment and approaches the heme on a substantially shorter time scale than W72. The absence of any change in the W72 fluorescence spectrum in the first 700 s of folding and the constancy of M 1 (W72) between 150 s and 5 ms show clearly that neither the helix II-III loop nor the helix III-IV coiled-coil develops during this time period. The data are consistent with early formation of the helix I-II bend, but relatively late formation of the helix II-III-IV bundle. The late formation of native structure around W72 may reflect difficulty in assembly of the large loop between helices II and III.
We cannot rule out the possibility that the relative folding times in the W32 and W72 proteins arise from variations in folding pathway that result from the differences in primary sequence in the two mutant proteins. The kinetics measured by heme absorption spectroscopy are consistent with the finding that the W32 mutant is substantially less stable than W72; development of native environment around the porphyrin is slower in the W32 mutant (under our solvent conditions). The   Fig. 4 . Fluorescence spectra during cyt cЈ folding. Conditions were the same as in Fig. 3. (A) W32. (B) W72. Upper to lower curves: unfolded, average over the 200-to 700-s folding interval, and native states.
unusually short W32/heme distances in the denatured protein may be caused by the presence of the F32W and W72F mutations, and this denatured state structural preference may lead to the development of short W/heme distances on a faster time scale. If the W72 protein does not have a similar denatured-state conformation, then its folding pathway may differ as well. Hence, it is possible that the faster M 1 (W32) kinetics in the Q1A/F32W/ W72F mutant arise from an altered folding landscape rather than a folding sequence in which W32 collapse precedes that of W72.
It is interesting to compare our observations on cyt cЈ folding to results from studies of cyt b 562 . In the early stage of apo-cyt b 562 folding, partial native-like secondary structure and backbone topology are thought to develop in helices II, III, and the N-terminal part of helix IV, whereas helix I and the C terminus of helix IV remain relatively unstructured (64) (65) (66) (67) . Moreover, the results obtained from electron transfer triggered folding of Fe(II)-cyt c-b 562 suggest that the heme is sequestered from the solvent on very short time scales (150 s) (45) . This finding contrasts with the modest collapse observed for Fe(III)-cyt cЈ. It appears that these structural homologs may have substantially different folding bottlenecks.
Our analysis of cyt cЈ FET kinetics sheds light on the burstphase collapse of these four-helix bundles. Theoretical investigations of lattice model proteins have identified two different behaviors: fast-track folding in which the native state forms without population of collapsed intermediates, and slow-track folding where collapsed intermediates form before the native state (2, (68) (69) (70) (71) . The W32/heme and W72/heme distance distributions at 150 s after the initiation of the folding reaction are highly heterogeneous; they reveal that the cyt cЈ folding ensemble is composed of at least three subpopulations whose W/heme distances are distinct from those of the native state. It is clear from our data that there are no fast-track cyt cЈ folders. Rather, the transient distributions reveal rapid formation of collapsed intermediates (C components) whose W/heme distances are shorter than that of the native conformation. Nonnative compact structures also have been detected 1 ms after the initiation of yeast cyt c folding, but FET kinetics did not provide evidence for structures more compact than in the folded protein (24) . The fact that W32/heme distances in the compact conformers of cyt cЈ are shorter than that of the folded protein is consistent with a globular collapse of the polypeptide upon denaturant dilution. In the folded protein, W32 and the heme are at opposite ends of the four-helix bundle, so shorter distances would be expected if denaturant dilution initially forms a collapsed globular structure. The time courses of M 1 (W32, C) and its population show a gradual shift of the W/heme distances to values consistent with the native state. These results suggest a mechanism in which polypeptides evolve to the native structure within a compact nonnative globule. Hindered diffusion, owing to topological and energetic frustration in the collapsed polypeptide ensemble (12, 70, 71) , may then be responsible for the sluggish and more complex folding dynamics observed in cyt cЈ (43, 44) .
Materials and Methods Materials. N-acetyl-tryptophanamide, N-bromosuccinimide, and
GuHCl Ultra grade were used as received from Sigma (St. Louis, MO). A pseudo-WT variant of R. palustris cyt cЈ (Q1A) served as a base mutant with a tryptophan residue at position 72 (W72). A second variant (W32) contained three point mutations (Q1A/ F32W/W72F). Both proteins were expressed and purified as described (43, 44) .
Experimental Conditions. The folding reactions were initiated by mixing a solution of GuHCl-denatured cyt cЈ (100 mM sodium phosphate, pH 7.0) with phosphate buffer (100 mM, pH 7.0) at a volume ratio of 1:5. The initial GuHCl concentrations for W72 and W32 were 3.5 and 2.0 M, respectively. Protein concentrations were confirmed by absorption spectroscopy ( 398 ϭ 8.5 ϫ 10 4 M Ϫ1 ⅐cm Ϫ1 ) (72) , and the final concentrations of the cyt cЈ variants were 12-16 M. All measurements were conducted at ambient temperature (Ϸ18°C). GuHCl concentrations were determined by refractive-index measurements (73) .
Experimental Configuration for FET Kinetics. A schematic diagram of the apparatus used for FET kinetics measurements is illustrated in Fig. 5 . The mixing cell was based on a previously published design (48) . We used a 200-m-thick stainless steel mixing plate (Toray Precision Inc., Shiga, Japan) etched with two flow channels (width ϭ 35 m; depth ϭ 100 m) and an observation channel (200 ϫ 200 m). The mixing plate was sandwiched between synthetic fused silica windows in a stainless-steel holder. The dead time of the mixer and folding reaction times were determined by using the reaction of N-acteyl-tryptophanamide with N-bromosuccinimide for calibration (SI Fig. 6 ).
Tryptophan fluorescence-decay kinetics measurements were carried out as described (44, 74) . The third harmonic (292 nm) of a regeneratively amplified femtosecond Ti:sapphire laser (Spectra-Physics, Mountain View, CA) was used as an excitation source. A combination of spherical and cylindrical lenses was used to expand and then focus the excitation beam into a narrow strip (200 m ϫ 1.5 cm) on the center of the observation channel. Fluorescence was collected from the back of the flow cell and focused onto a linear array of 25 optical fibers (Ϸ100-m diameter). Excitation and extraneous wavelengths of light were removed with a combination of dielectric and color filters (325 Յ obsd Յ 400 nm) positioned after the collection lens. The output from the optical fiber array was directed onto the entrance slit of a picosecond streak camera (C5680; Hamamatsu Photonics, Hamamatsu, Japan) operated in the analog-integration mode. Tryptophan fluorescence decay kinetics were measured on both short (1 ns) and long (20 ns) time scales; weak fluorescence from the buffer solution was subtracted before data analysis. The resulting short and long time-scale data were spliced together, and the combined traces were compressed logarithmically before fitting (100 points per decade). We confirmed that the compression did not alter the interpretation of data.
Fluorescence Spectra. The excitation configuration for measurements of tryptophan fluorescence spectra during folding was the same as that used for FET kinetics. For collection, however, fluorescence from the CTF mixer was focused onto a single optical fiber (1 mm diameter), and the emission spectrum ( Ն 325 nm) was detected with a CCD-coupled f luorimeter (USB2000; Ocean Optics, Dunedin, FL).
Data Fitting and Analysis. Analysis of FET kinetics involves the numerical inversion of a Laplace transform [I(t) ϭ ͚ k P(k) exp(Ϫkt)] (75, 76) . We have used two algorithms to invert our kinetics data with regularization methods that impose additional constraints on the properties of P(k). The simplest constraint that applies to the FET kinetics data are that P(k) Ն 0 (@ k). We have fit the kinetics data by using a MATLAB algorithm (LSQNONNEG) (Mathworks, Natick, MA) that minimizes the sum of the squared deviations ( 2 ) between observed and calculated values of I(t), subject to a nonnegativity constraint. It is our experience that LSQNONNEG produces the narrowest P(k) distributions and smallest values of 2 with relatively few nonzero components. Information theory suggests that the least-biased solution to this inversion problem minimizes 2 and maximizes the breadth of P(k) (77) . This regularization condition can be met by maximizing the Shannon-Jaynes entropy of the rate-constant distribution {S ϭ Ϫ͚ k P(k)ln[P(k)]}, implicitly requiring that P(k) Ն 0 (@ k) (78) . Maximum-entropy (ME) fitting produces stable and reproducible numerical inversions of the kinetics data. The balance between 2 minimization and entropy maximization is determined by graphical L-curve analysis (79) . This approach yields upper limits for the widths of P(k) consistent with our experimental data. The P(k) distributions from ME fitting are broader than those obtained with LSQNNONEG fitting, but exhibit maxima in similar locations. A simple coordinate transformation using the Förster relation (Eq. 1)
recasts the probability distribution of the decay rates, P(k), obtained by LSQNONNEG or ME fitting as probability distributions over r (74, 80) (SI Fig. 7 ). The Förster critical length, R 0 , for the W/heme pair in cyt cЈ is 34 Å under both native and unfolded conditions (44) . The value of k 0 (3.2 ϫ 10 8 s Ϫ1 ) was obtained from luminescence-decay measurements with Nacetyl-tryptophanamide (20 M) in the CTF mixer under various solvent conditions [100 mM sodium phosphate with and without GuHCl (0, 0.58, and 3.5 M) at pH 7.0]. At distances Ͼ 1.5 R 0 , energy transfer quenching of D is not competitive with excited-state decay, and, at distances Ͻ Ϸ10 Å, the Förster model does not reliably describe FET kinetics (81, 82) ; accordingly, our cyt cЈ FET measurements can provide information about D-A distances only in the range 10 Յ r Յ 44 Å.
FET kinetics for the unfolded proteins have been fit to a freely jointed chain distribution of D-A distances [P FJC (r); Eq. 2] with a single adjustable parameter, the mean-squared end-to-end distance, ͗r 2 ͘ (50): 
ͪ. [2]
The moments (M n ) and variance (V) of the P(r) distributions (SI Fig. 8 ) were calculated according to Eqs. 3 and 4:
M n ϭ ͗r n ͘ ϭ P(r)⅐ r n P(r) [ 
3]
V ϭ M 2 Ϫ (M 1 ) 2 .
[4]
